The development of T helper (Th)2 responses is a key step in the pathogenesis of asthma. Interleukin (IL)-4 is thought to be important, although not strictly necessary, for Th2 differentiation, although triggers of IL-4-independent Th2 polarization have not been identified. We examined whether IL-4 is necessary for Th2-polarized responses during granulocyte macrophage colony-stimulating factor (GM-CSF)-driven respiratory mucosal sensitization. Balb/c wild type (WT) or IL-4 knockout (4KO) mice were exposed to aerosolized ovalbumin (OVA) in the context of airway GM-CSF expression. We examined the extent of Th2 polarization using real-time quantitative polymerase chain reaction on lymph node mRNA, flow cytometric analysis of lung Th cells, and measurement of cells, cytokines, and immunoglobulins in bronchoalveolar lavage (BAL) and serum. GATA-3 and CCR3, -4, and -8 were expressed in the lymph nodes of WT and 4KO mice at similar levels, as were IL-5 and IL-13 levels in the BAL, T1/ST2 on lung Th cells, and BAL eosinophils after recall challenge. With the exception of immunoglobulin production, expression of GATA-3, CCR-3, -4, -8, IL-5, and T1/ST2, and the generation of blood eosinophilia, were intact in mice doubly deficient in both IL-4 and IL-13. We conclude that IL-4 is not required for the generation of Th2-polarized responses in the presence of GM-CSF.
In spite of their innocuous character, aeroallergens induce asthma in a growing proportion of the population (1) . Asthma is a syndrome distinguished by a distinct cytokine and immunoglobulin profile, eosinophilic airway inflammation, and bronchial hyperreactivity. Studies in murine models of asthma have established a critical role for T helper (Th) cells (2, 3) , and it is well established that interleukin (IL)-4, IL-5, and IL-13 are the preeminent effector molecules (4) (5) (6) (7) (8) (9) (10) . Insofar as Th2 cells are the primary producers of these cytokines, the differentiation of precursor Th cells into Th2 cells is of paramount importance to the generation of asthmatic inflammation.
It is frequently asserted that IL-4 is necessary for the development of Th2-polarized responses, in spite of evidence that these responses can sometimes be generated in the absence of IL-4. In murine models of allergic inflammation and infectious disease models, some studies show that Th2 responses are apparently hampered in the absence of IL-4 signaling (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , whereas others demonstrate that they are not impaired (17, (23) (24) (25) (26) (27) . However, none of these latter studies have established a mechanism by which Th2 responses are elicited in the absence of IL-4.
Until recently, Th2 responses were defined entirely by the cytokine profile observed, and previous documentation of Th2 responses in the absence of IL-4 have relied almost exclusively on these cytokine readouts. However, more recently a number of noncytokine markers of Th2 responses have been described, including the transcription factor GATA-3, the chemokine receptors CCR3, -4, and -8, and the cell surface protein T1/ST2. We have used these markers to more comprehensively assess the presence of Th2 responses in mice in which the prototypical Th2 cytokine, IL-4, is absent.
Murine models have been very fruitful for investigating mechanisms of human allergic inflammation, but not sensitization, because sensitization in these models is typically accomplished by the introduction of antigen into the intraperitoneal cavity in conjunction with alum as an adjuvant, which is very dissimilar to the conditions under which allergic sensitization occurs in humans. In contrast, this study is unique in that we examined the differentiation and activity of Th2 cells in vivo in a model of allergic airways inflammation in which mice are exposed to an innocuous antigen, exclusively via the respiratory tract, and in the absence of adjuvants. Such a system recapitulates the route of allergen sensitization in humans. Granulocyte macrophage colony-stimulating factor (GM-CSF) is employed because exposure to antigen only has been shown to induce inhalation tolerance (28, 29) , and we have previously shown that expression of GM-CSF in the airways during antigen exposure overrides the tendency to elicit tolerance, and promotes the generation of an immune-inflammatory response reminiscent of asthma (30) .
To examine the role of IL-4 in the generation of Th2-polarized responses via the respiratory tract, IL-4 knockout (4KO) mice were compared with their wild type (WT) controls. In addition, IL-4 and IL-13 double-knockout (DKO) mice were used to investigate the possibility that IL-13 could drive Th2 responses in the absence of IL-4 (31). We found that indices of Th2 differentiation and function were intact in 4KO and DKO mice. These studies suggest a novel role for GM-CSF in the generation of Th2 responses in the mucosae, independently of IL-4 and IL-13.
Materials and Methods

Subjects
Female Balb/c mice (6-8 wk old) were obtained from Charles River Laboratories (Ottawa, ON, Canada). Female 4KO mice on a Balb/c background were obtained from Jackson Laboratories (Bar Harbor, ME). IL-4 and IL-13 DKO mice on the Balb/c background (31) were bred in the McMaster facility (Hamilton, ON, Canada). Mice were kept under specific pathogen-free conditions, with a 12-h light/dark cycle, and food and water ad libitum . These experiments were approved by the Animal Research Ethics Board of McMaster University.
Respiratory Mucosal Sensitization and Challenge
Airway expression of GM-CSF was achieved by delivery of a replication-deficient human type 5 adenovirus (Ad) with the gene for GM-CSF in the E1 region of the genome (30) . A quantity of 3 ϫ 10 7 pfu of Ad/GM-CSF in 30 l phosphate-buffered saline (PBS) was delivered intranasally to isoflurane-anaesthetized animals, 1 d before ovalbumin (OVA) exposure (Day Ϫ 1). We have previously demonstrated that this dose of the Ad/GM-CSF vector results in airway expression of GM-CSF for 10 d, with bronchoalveolar lavage (BAL) expression peaking at ‫ف‬ 80-100 pg/ml on Day 7 (30) ; this level of expression is well within physiologically achievable concentrations.
For sensitization, mice were exposed to OVA for 20 min daily from Day 0 to Day 9. For rechallenge, OVA was delivered for 1 h daily for 3 d. Mice were placed in a Plexiglas chamber, and OVA aerosol (1% wt/vol in 0.9% saline, Grade V; Sigma-Aldrich, Oakville, ON, Canada) delivered using compressed medical air at 10 liters/min through a Bennet/Twin nebulizer (Bennet/Twin, Kansas City, MO). We have previously reported an extensive characterization of this model (30) in which we observed that neither exposure to OVA only, nor exposure to OVA in the presence of an empty Ad vector, results in immunologic sensitization to OVA. Similarly, 4KO mice exposed to OVA in the context of a control adenoviral vector did not exhibit any indication of antigen-specific immune-inflammatory responses to OVA; total BAL inflammation in these mice was comparable to that seen in naive 4KO controls (total cells: 6.8 Ϯ 0.7 versus 4.3 Ϯ 0.8 ϫ 10 5 cells/ml, respectively), and no eosinophilia was observed.
Isolation of mRNA and Analysis of mRNA Expression by Real-Time Quantitative Polymerase Chain Reaction
Thoracic lymph nodes were pooled from 4-6 mice and placed in RNAlater (Ambion Inc., Austin, TX), and RNA extracted with TriPure (Roche, Indianapolis, IN). Genomic DNA was removed using the Qiagen RNeasy kit (Qiagen Inc., Mississauga, ON, Canada). RNA was reverse transcribed using the Qiagen OMNIscript kit (Qiagen) using random hexamers (Gibco, Rockville, MD) and oligo-dT (Gibco) as primers. Primers and FAM-labeled probes were designed with PrimerExpress v1.5 software (Applied Biosystems, Foster City, CA). For GATA-3, the forward primer was 5 Ј -CTACCGGGTTCGGATGTAAGTC; the reverse was 5 Ј -GTTCACACACTCCCTGCCTTCT; and the probe was 5 Ј -AGGCCCAAGGCACGATCCAGC. For t-bet the forward primer was 5 Ј -ACCAGAACGGACAGATCACTCA; the reverse was 5 Ј -CAAAGTTCTCCCGGAATCCTT; and the probe was 5 Ј -CTGAAAATCGACAACAACCCTTTGCC. CCR3, -4, and -8, primers and FAM-labeled probes, and GAPDH primers and VIClabeled probe were obtained from Applied Biosystems. Polymerase chain reaction was done in the ABI Prism 6700 Sequence Detection operated by Sequence Detector v1.7 software (Applied Biosystems), using TaqMan Universal polymerase chain reaction Master Mix (Applied Biosystems). Gene expression was quantitated relative to the expression of glyceraldehyde-3-phosphate dehydrogenase. The value of the relative expression for the WT naive samples are defined as 100%, and all other values are plotted compared with them.
Collection and Measurement of Specimens
Mice were anaesthetized by isoflurane and killed for sample collection. Peripheral blood was collected, total cell counts determined using a hemocytometer, and leukocyte smears prepared. Blood samples were incubated at 37 Њ C for 30 min, and the serum supernatant stored at Ϫ 20 Њ C.
Lungs were dissected and BAL performed. Two aliquots of PBS (250 l and 200 l) were delivered and recovered through a polyethylene tube (Becton Dickinson, Sparks, MD) inserted in the trachea; 300 l were consistently recovered. Total cell counts were determined with a hemocytometer. The BAL was centrifuged and the supernatant stored at Ϫ 20 Њ C for cytokine analysis. The cell pellet was resuspended in PBS and smears were prepared by cytocentrifugation (Shandon Inc., Pittsburgh, PA) at 300 rpm for 2 min.
Peripheral blood and BAL smears were stained with the Protocol Hema 3 Stain Set (Fisher Scientific, Toronto, ON, Canada). Differential cell counts were made from 300 leukocytes.
Lung tissue was fixed in 10% formalin and embedded in paraffin. Sections 3 m thick were stained with hematoxylin and eosin (H&E), or with periodic acid-Schiff (PAS).
Flow Cytometric Analysis of Lung Cells
Lungs were perfused with 10 ml warmed Hanks' balanced salt solution, cut into 2-mm pieces, and agitated for 1 h at 37 Њ C in 150 U/ml collagenase III (Life Technologies, Rockville, MD). Pieces were ground through a metal screen into HBSS, filtered through finegauge nylon mesh, washed and resuspended in HBSS, and layered over 30% and 60% Percoll (Amersham Pharmacia Biotech, Uppsala, Sweden) for density gradient centrifugation at 2,000 rpm ( 
Enzyme-Linked Immunosorbent Assay Measurement of Cytokines and Immunoglobulins
Cytokine levels in BAL were measured by enzyme-linked immunosorbent assay (ELISA) using commercially available kits for IL-13, eotaxin, monocyte chemotactic protein (MCP)-1, and interferon (IFN)-␥ (R&D, Minneapolis, MN), and IL-5 (Amersham, Buckinghamshire, UK). The level of sensitivity for these assays was ‫ف‬ 5 pg/ml.
Sandwich ELISA was used to measure OVA-specific IgG1 and IgG2a in serum. One hundred microliters per well of 5 mg/ml OVA in a borate buffer was applied to 96-well plates and incubated for 1 h at 37 Њ C, 3 h at rt, and overnight at 4 Њ C. Plates were blocked with 1% bovine serum albumin (Sigma) in PBS (150 l/ well) for 2 h at rt. Fifty l of each sample was added and left overnight at 4 Њ C. After washing, 50 l/well of 0.25 mg/ml biotinylated anti-mouse IgG1 or IgG2a Ab (Southern Biotechnology Associates, Birmingham, AL) was added. After 2 h at rt, plates were washed, and alkaline phosphate/streptavidin was added for 1 h at rt (diluted to 1:1,000, 50 l/well). p -Nitrophenyl phosphate in diethanolamine buffer was used for color development. OVA-specific IgE levels were determined using an antigen-capture ELISA method, which has been previously described (30) . Briefly, anti-mouse IgE Ab was in the solid phase, serum samples were added, and OVA-specific IgE detected using biotinylated OVA. Units of OVA-specific Ig were determined relative to standard sera. Units of the standard serum are defined as the largest dilution factor giving an optical density reading greater than background plus 2 SD; therefore, by definition, the sensitivity of the assay is 1 U/ml.
Data Analysis
Data are expressed as mean Ϯ SEM. Statistical analysis was performed using SigmaStat version 2.03. Differences were considered statistically significant when P р 0.05 by analysis of variance (ANOVA), with Fisher's PLSD where applicable.
Results
Analysis of Transcription Factor and Chemokine Receptor mRNA Expression
We used real-time quantitative PCR to measure expression of mRNA for Th2-associated transcription factors and chemokine receptors in the thoracic lymph nodes at various time points during sensitization.
Compared with naive, WT mice had increased expression of the Th2-associated transcription factor GATA-3 (32, 33) by Day 4 of the sensitization phase, returning to near-naive levels by Day 7 ( Figure 1A ). The kinetic and magnitude of GATA-3 expression in 4KO mice was similar to that observed in the WT. Although the fold increases in GATA-3 expression are not dramatic, they were consistently reproducible in repeated experiments. Neither WT nor 4KO mice significantly upregulated the Th1-associated transcription factor t-bet (34) at any time point ( Figure 1B) .
The Th2-associated chemokine receptors CCR3, -4, and -8 (32, 35) were also examined. In WT mice, CCR3 expression was increased on Day 4, and peaked on Day 7 ( Figure  2A) ; although basal expression of CCR3 was lower in 4KO mice, expression was equivalent to that seen in WT mice on Day 4 and Day 7. CCR4 expression peaked on Day 4 in WT mice ( Figure 2B) , and was identical to the expression seen in 4KO mice. Expression of CCR8 also peaked on Day 4 in WT mice ( Figure 2C) ; the pattern of expression was the same in 4KO mice, although CCR8 expression was higher in 4KO mice at all time points examined.
Measurement of Cytokines and Chemokines in the BAL
BAL cytokine and chemokine levels were measured on Day 7 of the sensitization protocol, as we previously determined that this is the peak of cytokine expression (30) . BAL from naive WT and 4KO mice had no detectable levels of IL-5 or IL-13 as measured by ELISA (data not shown). On Day 7, both WT and 4KO mice had upregulated IL-5 protein expression to the same extent ( Figure  3A) . On Day 7, IL-13 expression was lower in 4KO mice than in WT mice, although this difference did not reach statistical significance; furthermore, this amount, although reduced compared with WT, was still significantly greater than that seen in naive mice. IFN-␥ was not detected in the BAL of WT or 4KO mice at any time point examined (data not shown); similarly, real-time quantitative PCR analysis of lymph node RNA did not demonstrate any upregulation of mRNA for IFN-␥ above naive levels in WT or 4KO mice at any time point examined (data not shown).
No eotaxin was detectable in the BAL of naive mice of either strain and MCP-1 was not detectable in naïve WT mice (data not shown), but was detectable at low levels in 4KO mice (12.9 Ϯ 2.6 pg/ml). Eotaxin ( Figure 3C ) and MCP-1 ( Figure 3D ) levels in the BAL on Day 7 were significantly increased above naive levels, and were not significantly different between WT and 4KO mice.
T1/ST2 Expression on Lung Th Cells On Day 9, T1/ST2 expression was analyzed on lung Th cells by flow cytometry to identify effector Th2 cells (36-38). Th cells were defined as CD3
ϩ CD4 ϩ cells in the lymphocyte gate (as defined by forward and side scatter characteristics). Approximately 2% of Th cells from the lungs of naive WT and 4KO mice were T1/ST2 ϩ (data not shown). On Day 9, 10.7% of lung Th cells were T1/ST2 ϩ in WT mice, compared with 10.4% in 4KO mice (Table 1) . These data were reproducible in three separate experiments.
Inflammation and Eosinophilia
As a hallmark of allergic asthma, we assessed eosinophils in blood and BAL during sensitization, in BAL after rechallenge, and in histologic sections.
WT and 4KO mice had similar numbers of total blood leukocytes on Day 11 ( Figure 4A ). 4KO mice had a slight reduction in peripheral blood eosinophilia compared with WT mice ( Figure 4B ), but this was not statistically significant.
Both WT and 4KO naive mice had similar total cell numbers in the BAL (6.9 Ϯ 0.6 versus 4.3 Ϯ 0.8 ϫ 10 5 cells/ml), and no eosinophils. On Day 11, WT and 4KO mice had statistically significant increases in total BAL leukocytes ( Figure 4C ) and eosinophils ( Figure 4D ) compared with naive, although 4KO mice had 40% fewer total cells and OVA-specific immunoglobulins were measured by ELISA in the serum of WT and 4KO mice, 2 d after the final exposure to OVA in the context of GM-CSF expression. Data shown are mean Ϯ SEM, n ϭ 3-8. Expression of T1/ST2 on pooled lung T helper cells was assessed by flow cytometry. Data shown are percent of CD3 ϩ CD4 ϩ lymphocytes positive for T1/ST2, as defined relative to an isotype control antibody; these results were reproduced in two additional experiments.
*Indicates a statistically significant ( P р 0.01) difference from WT mice, as determined by ANOVA. 65% fewer eosinophils than WT. Histologic sections of lung tissue at this time point revealed peribronchial and perivascular inflammatory leukocytes in both strains, and eosinophils were apparent among the infiltrating cells in H&E-stained sections ( Figures 5A and 5B) . PAS stain revealed mucous-containing goblet cells in the bronchial lining of both WT and 4KO mice ( Figures 5C and 5D) .
In some experiments, the inflammation caused by sensitization was allowed to resolve for 1 mo, and the mice were rechallenged with OVA to examine antigen-specific memory responses. Inflammation in the BAL was assessed at the peak of the inflammatory response, 72 h after the third OVA rechallenge. In WT mice the eosinophilic inflammation was recapitulated ( Figures 4E and 4F ). In contrast with the observations at Day 11, after long term rechallenge 4KO mice had eosinophilic inflammatory responses indistinguishable from that seen in WT mice.
Immunoglobulin Profile
After sensitization, OVA-specific Ig were measured in the serum of WT and 4KO mice by ELISA. As expected, no OVA-specific Ig were detected in naive WT or 4KO mice (data not shown). OVA-specific IgE, IgG1, and IgG2a were all present in WT mice after sensitization to OVA (Table 1) . In 4KO mice, no OVA-specific IgE was detected and IgG1 was significantly decreased, whereas IgG2a levels were significantly increased.
Evidence of Th2-Polarized Responses in DKO Mice
We used DKO mice to determine whether IL-13 can substitute for IL-4 in the generation of Th2-polarized responses. None of GATA-3 ( Figure 6A), CCR-3, -4 , or -8 ( Figure 6B ), IL-5 ( Figure 6C ), or peripheral blood eosinophilia ( Figure 6D ) were significantly different between WT, 4KO, and DKO mice. Furthermore, T1/ST2 expression on lung Th cells from DKO mice was, at 9.2%, upregulated to an extent comparable to that seen in WT and 4KO mice (Table 1 ). In contrast, BAL eosinophilia (Figure 6E ) was completely absent in DKO mice at Day 11. Whereas eotaxin expression was expressed to a comparable degree in the BAL of WT and 4KO mice, it was reduced by ‫ف‬ 85% in DKO mice ( Figure 6F ).
Discussion
Molecular signals delivered to a Th cell during primary activation critically influence its differentiation pathway, and ultimately determine the nature of the immune-inflammatory response that will ensue. The primary objective of this study was to investigate the role of IL-4 in the development of Th2-polarized responses during respiratory exposure to aerosolized OVA in the context of a GM-CSF-enriched airway microenvironment. This model mimics the natural route of exposure to antigen while providing a signal (GM-CSF) which overrides the tendency of the lung to induce inhalation tolerance when exposed to harmless antigens (28, 29) .
The Th2-associated transcription factor GATA-3 and Th2-affiliated CCRs were analyzed to evaluate whether Th2 differentiation had taken place. Our data show that GATA-3 is upregulated in the lymph nodes of WT mice; importantly, our data also show that GATA-3 is upregulated in 4KO mice. Furthermore, analysis of chemokine receptors associated with Th2 cells demonstrated the upregulation of CCR3, -4, and -8 in both WT and 4KO mice. These findings have several implications. First, insofar as these molecules are markers of Th2 cells, these data con- Expression of the prototypical Th2 cytokines in the BAL was analyzed to examine whether these Th2 cells were functional. Previous studies using 4KO mice have generally shown a marked decrease in IL-5 and/or IL-13 production in in vitro recall assays (11, 13, 16, 19-22, 24, 25) . However, the findings reported here are consistent with reports (17, 23, 27) in which these cytokines are present at equivalent levels in WT and 4KO mice. We did not directly measure the T cell contribution to cytokine levels, and hence cannot rule out the possibility that cells other than T cells may have supplemented the overall cytokine levels; however, given that GATA-3 was equivalently expressed in WT and 4KO mice, and because GATA-3 expression is sufficient for the transcription of these cytokines (39), we infer that Th2 cells are most likely responsible for the cytokine levels measured in the BAL.
With respect to eosinophilia, a number of groups have reported a drastic reduction in BAL eosinophils when IL-4 was blocked or absent during allergen sensitization (11, (13) (14) (15) (16) , whereas others have not demonstrated such a change (16) . Our data show that the ability of 4KO mice to generate peripheral blood eosinophilia, and BAL eosinophilia after recall challenge, is intact, consistent with the fact that IL-5 production is intact in 4KO mice. The extent of the BAL eosinophilic response in 4KO mice observed on Day 11 was considerably greater than that observed by some others (11, (14) (15) (16) , but still significantly less than in WT controls; this transient inhibition of eosinophilia remains unexplained. However, because this reduction occurred while the adenoviral vector was present, we suspect that this was due to an unknown process induced in response to the virus. This suspicion was confirmed when we used recombinant GM-CSF to induce sensitization instead of the Ad/GM-CSF; in this case, the number of eosinophils was statistically indistinguishable between WT and 4KO mice (8.0 Ϯ 2.0 versus 6.0 Ϯ 1.9 ϫ 10 5 eosinophils/ml; P ϭ 0.496, n ϭ 4). One possibility is that the vector induced a concurrent Th1 response, antagonizing the Th2 effector response in the lung (40) . However, our data suggest that is unlikely, because neither the Th1-associated transcription factor t-bet nor IFN-␥ were upregulated. Thus, the mechanism by which the viral vector reduced BAL eosinophilia at Day 11 is not obvious at present.
Immunoglobulin profiles are often used as indices of the nature of Th responses, because Th1 and Th2 cytokines signal for distinct patterns of isotype switching in B cells. As shown in Table 1 , we observed no production of antigen-specific IgE in 4KO mice, as expected, given the requirement for IL-4 for isotype switching (4). In addition, OVA-specific IgG1 production was lower in 4KO mice than in WT mice, whereas IgG2a production was increased. Although IgG2a was increased in 4KO mice, it is not likely that this is indicative of a Th1-polarized response because we were unable to detect t-bet or IFN-␥ using very sensitive methods (real-time quantitative PCR) in the lymph nodes of WT or 4KO mice; more probably, in the absence of IL-4, isotype switching to IgG2a was not inhibited in 4KO mice. This skewed pattern of Ig production, taken by itself, is suggestive of an absence of Th2 differentiation in 4KO mice. However, in the context of our more direct markers indicating that Th2 polarization indeed occurred, we conclude that Ig profiles do not fully reflect the nature of Th responses.
IL-4 and IL-13 have a number of redundant biologic functions, and it is possible that IL-13 may have been responsible for our observation of Th2 differentiation in the absence of IL-4 (31). We used DKO mice to establish whether indices of Th2 polarization in the absence of IL-4 were attributable to IL-13. It is clear that they were not; the equivalent expression of GATA-3, CCR-3, -4, -8, T1/ ST2, IL-5, and blood eosinophils in DKO mice are compelling evidence that neither IL-4 nor IL-13 are required for Th2 polarization per se, although a downstream effect of Th2 responses, BAL eosinophilia, was not fully realized in their absence. IL-13 is known to upregulate eotaxin production (41) (42) (43) ; therefore, in this case, it would seem that eosinophils were not recruited from the blood into the lung tissues because of the absence of eotaxin, which in turn was likely due to the congenital absence of IL-13.
GM-CSF has been documented to be present in a variety of allergic airway diseases (44) (45) (46) (47) ; polymorphisms in the GM-CSF gene have been identified in allergic populations (48) ; and airway expression of GM-CSF appears to be differentially regulated in atopic and nonatopic individuals (49) (50) (51) . Furthermore, the known functions of GM-CSF (such as the expansion of antigen-presenting cells and upregulation of antigen-presenting functions and costimulatory molecules [52] [53] [54] , and downregulation of the immunosuppressive functions of alveolar macrophages [55, 56] ) are events conducive to the initiation of adaptive immune responses through the ability of such antigen-presenting cells to activate naive T cells. Others have previously shown that GM-CSF expands a population of myeloid dendritic cells which are able to preferentially induce Th2 responses (57), independently of IL-4 (58), and we speculate that such a mechanism could be at work in this model. Collectively, our data provide compelling evidence that Th2 differentiation occurred in vivo in the absence of IL-4. We demonstrate that respiratory exposure to antigen in the context of GM-CSF expression overrides the requirement for IL-4 to induce Th2-polarized immune-inflammatory responses. We further propose that the ability of GM-CSF to elicit Th2 responses suggests an important and novel role for this cytokine in the initiation of allergic responses. Figure 6 . Indices of Th2 polarization and eosinophilic inflammation in IL-4/IL-13 DKO mice. WT, 4KO, and DKO mice were exposed to OVA aerosol in the context of GM-CSF expression. mRNA expression of GATA-3 (A) and CCR3, -4, and -8 (B) was analyzed in the thoracic lymph nodes by real-time quantitative PCR on Day 7. IL-5 (C) and eotaxin (F) were measured by ELISA on Day 7. Peripheral blood (D) and BAL (E) eosinophilia was assessed on Day 11. In C, black bars indicate WT mice, light gray bars are 4KO mice, and dark gray bars are DKO mice. Data in A and B are mean Ϯ SD of triplicate measurements; data in (C-F) are mean Ϯ SEM, n ϭ 4-13; * indicates a statistically significant (P р 0.05) difference as determined by ANOVA.
